Translational regulation of localized transcripts is a powerful mechanism to control the precise timing and localization of protein expression within a cell. In the Drosophila germline, oskar transcript must be translationally repressed until its localization at the posterior pole of the oocyte, as ectopic production of Oskar causes severe patterning defects. Translational repression of oskar mRNA is mediated by the RNA-binding protein Bruno, which binds to specific motifs in the oskar 3 0 UTR. Here we show that Bruno over-expression causes defects in antero-posterior and dorso-ventral patterning, consistent with a role of Bruno in both oskar and gurken mRNA regulation. We also show that Bruno and gurken interact genetically. Finally, we show that Bruno binds specifically to the gurken 3 0 UTR and that the dorso-ventral defects caused by Bruno over-expression are due to a reduction of Gurken levels in the oocyte. We conclude that Bruno plays similar roles in translational regulation of gurken and oskar. q
Introduction
The Drosophila ovary is composed of ovarioles, each of which consists of a series of developing egg chambers at different stages (Spradling, 1993) . In the germarium, at the anterior of each ovariole, germline stem cells divide to produce a daughter stem cell and a cystoblast. The cystoblast undergoes four rounds of division with incomplete cytokinesis, resulting in formation of a syncytium of 16 cells interconnected by actin-rich cytoplasmic bridges, the ring canals. The oocyte is distinguished from the 15 other germline cells by the presence of four ring canals and the accumulation of specific mRNAs and proteins. The determined oocyte is positioned at the posterior of the cyst and enters meiosis, while its 15 sibling nurse cells undergo several rounds of endoreplication. The cyst becomes surrounded by a layer of somatic follicle cells and the fully-formed egg chamber exits the germarium. The nurse cells are transcriptionally active, producing most of the RNAs and proteins necessary for the differentiation and development of the oocyte.
RNA-based regulation of gene expression is central to establishment of the two major axes of the oocyte and embryo (Riechmann and Ephrussi, 2001) . A crucial role in both A/P and D/V axis-formation is played by gurken (grk), the Drosophila TGFa homolog (Neuman-Silberberg and Schüpbach, 1993; Nilson and Schupbach, 1999; Schüpbach, 1987) . For proper development, a first Grk signaling event emanating from the oocyte posterior induces posterior fate in the neighbouring follicle cells. These posterior follicle cells then signal back to the oocyte, resulting in the reorganization of the oocyte microtubles and establishment of the oocyte A/P axis (González-Reyes et al., 1995; Roth et al., 1995) . As a consequence of this reorganization (at stages 8-9), the nucleus and grk mRNA are relocalized to the antero-lateral cortex of the oocyte. Here, a second Grk signal induces dorsal cell fate in the neighbouring follicle cells (Neuman-Silberberg and Schüpbach, 1993; Schüp-bach, 1987) . In strong grk mutants and mutants that dramatically reduce grk signaling, both D/V and A/P polarity are affected, as reflected by the surrounding eggshell (chorion). Eggs produced by these mutants bear an ectopic micropyle (an anterior chorion structure) at the posterior of the eggshell and lack the dorsal respiratory appendages (González-Reyes et al., 1995; Roth et al., 1995) . The D/V axis is in general more sensitive to reduction of Grk signaling, and slightly reduced Grk signaling is manifest by a reduction in dorsal appendage material. Previous studies indicate that grk mRNA is translationally repressed when unlocalized and specifically derepressed at its site of localization, in the dorsal-anterior corner of the oocyte (Hawkins et al., 1997; Saunders and Cohen, 1999) .
Another gene, oskar (osk), is essential for the formation of the posterior structures of the embryo (Ephrussi et al., 1991; Lehmann and Nüsslein-Volhard, 1986; Kim-Ha et al., 1991) . Osk induces formation of the pole plasm, which contains the determinants of the abdomen and germline. osk mutant females produce embryos lacking abdominal structures and pole cells, the primordial germ cells of the fly. Conversely, ectopic expression of Osk results in ectopic pole plasm assembly and interferes with correct development of anterior embryonic structures (Ephrussi and Lehmann, 1992; Smith et al., 1992) . The tight restriction of Osk activity is essential and is achieved by a combination of translational repression of unlocalized osk transcripts, translational derepression of the mRNA at the posterior of the oocyte where osk mRNA is localized, anchoring of Osk protein to the oocyte cortex, and Osk stablilization by phosphorylation (Kim-Ha et al., 1995; Markussen et al., 1995; Rongo et al., 1995; Gunkel et al., 1998; Riechmann et al., 2002; Vanzo and Ephrussi, 2002) . The osk 3 0 UTR contains the signals necessary and sufficient for osk mRNA localization, as well as the sequence elements that mediate its translational repression (Kim-Ha et al., 1993; Kim-Ha et al., 1995) .
Bruno (Bru) was identified biochemically, by its ability to bind sequences in the osk 3 0 UTR, termed Bruno response elements (BREs) (Kim-Ha et al., 1995) . Bru is an evolutionarily conserved protein containing three RNAbinding domains of the RRM type (Webster et al., 1997) . It has been shown that the BREs in the osk 3 0 UTR mediate translational repression. Conversely, inclusion of BREs in heterologous transcripts causes translational silencing (Kim-Ha et al., 1995) . Evidence for a direct role of the BREs and of Bru in osk translational repression has come from experiments in vitro, using ovarian and embryonic extracts that recapitulate aspects of osk regulation (Lie and Macdonald, 1999b; Castagnetti et al., 2000) .
The protein Bruno is encoded by the arrest (aret) locus (Schüpbach and Wieschaus, 1991; Webster et al., 1997) . Genetic analysis of the function of Bru in osk regulation has been complicated, however, due to the fact that strong aret alleles, such as aret QB72 , stops oogenesis at the cystoblast to cystocyte transition (Parisi et al., 2001 ) and hypomorphic aret mutations cause egg chamber degeneration at stage 9 (Schüpbach and Wieschaus, 1991) . Transheterozygous combinations of these weak alleles, which proceed normally through oogenesis, do not appear to affect osk regulation (Webster et al., 1997 ). An indication that Bru represses osk translation in vivo as it does in vitro has relied on the observation that reducing aret gene dosage enhances both the strength and the penetrance of anterior defects caused by expression of anterior-targeted BRE-containing chimeric osk transcripts. Further evidence for a function of Bru in osk translational control comes from the enrichment of the protein at the posterior pole of the oocyte. Interestingly, Bru also localizes to the antero-dorsal corner, at the site of grk mRNA localization. This localization of Bru protein, together with the presence of at least one conserved BRE is present in the grk 3 0 UTR leads to the suggestion that Bru might play a role in grk regulation (Kim-Ha et al., 1995; Norvell et al., 1999) .
To circumvent the problem of early oogenesis arrest of the strong aret mutants, we have taken a gain-of-function approach and over-expressed Bru in the germline. Here, we show that Bru over-expression causes severe defects during early oogenesis, and in particular affects regulation of the germline divisions. Co-over-expression of BRE-containing RNAs suppresses these defects, suggesting that they are due to mis-regulation of critical transcripts by Bru. We also show that Bru over-expression causes defects in A/P patterning of the embryo and D/V patterning of the eggshell, consistent with a role of Bru in both osk and grk mRNA regulation in vivo. Further, we provide genetic evidence that Bru negatively regulates grk signaling and Grk protein accumulation, and demonstrate that Bru binds grk mRNA specifically in vitro. We conclude that Bru plays similar roles in translational regulation of grk and osk.
Results

Bruno levels are critical for normal egg chamber development
Bru has been shown to play a role in several aspects of oogenesis, including regulation of cyst development in the germarium and translational repression of unlocalized osk mRNA (Parisi et al., 2001; Kim-Ha et al., 1995; Webster et al., 1997) . However, in loss-of-function aret alleles, egg chamber development arrests at an early stage, preventing a direct analysis of the role of Bru during mid-and lateoogenesis. We therefore undertook an alternative approach, applying a gain-of-function strategy to assess the importance of Bru protein levels in oogenesis. To this end, we constructed a Bru over-expression transgene, UASp-Bru, which was introduced into the germline, and whose expression was driven by the nosGAL4VP16 driver (Van Doren et al., 1998) . To verify that the transgene was functional, we performed a genetic rescue experiment. Expression of UASp-Bru in aret QB72 ovaries largely suppresses their early arrest phenotype, indicating that the transgene is functional.
We next tested whether expression of Bru protein above wild-type levels has any effect on ovarian development. Wild-type females expressing the UASp-Bru transgene in the germline show defects similar to the aret QB72 mutant, such as egg chambers in which no oocyte develops and in which the nurse cells appear not to undergo endoreplication, as visualized by DAPI staining (data not shown). However, in the case of Bru over-expression, some egg chambers proceed further in oogenesis, and of these, about 70% undergo one extra round of cystoblast divisions. This is revealed by the presence of 31 nurse cells and one oocyte with 5 ring canals instead of 4 (Fig. 1C, D) . These egg chambers develop normally through the late stages of oogenesis and eggs are laid. Other defects, such as egg chambers containing a mislocalized oocyte, compound egg chambers, two determined oocytes, or one oocyte and seven nurse cells, are also observed at very low penetrance (less than 5%) (Fig. 1F , G and data not shown). These results, together with the phenotype of aret mutants, suggest that the concentration of Bru in the germline is critical, and that both below and above this concentration ovarian development is impaired.
Defects caused by Bruno over-expression are caused by ectopic binding to mRNAs
Bru has been shown to bind specific RNA sequences, the Bruno response elements (BREs), six copies of which are present in the osk 3 0 UTR ( Kim-Ha et al., 1995) . Bru binding to these sequences results in translational repression of unlocalized osk mRNA, thus preventing ectopic production of Osk and consequent anterior patterning defects. By analogy, the defects caused by over-expression of Bru could be due to its inappropriate binding to mRNAs in the germline, resulting in their misregulation. Alternately, expression of high levels of Bru could result in its unregulated binding to protein partners, interfering with their normal function. In this regard, two reported Bruinteracting proteins, Vasa (Vas) and Apontic (Apt) (Webster et al., 1997; Lie and Macdonald, 1999a) , were interesting candidates because of their mutant phenotypes. Several vas alleles exhibit phenotypes similar to those observed at low penetrance in ovaries over-expressing Bru, such as a mislocalized oocyte, two oocytes, or no determined oocyte (Styhler et al., 1998; Tomancak et al., 1998) . Germline clones of strong apt alleles fail to specify an oocyte or have an aberrant number of nurse cells (Lie and Macdonald, 1999a) . To assess whether the Bru over-expression phenotypes are caused by its aberrant binding to mRNAs or by binding to Vas or Apt, we tried to suppress the ovarian defects of Bru over-expressing females. Neither over-expression of Vas or of Apt suppresses the ovarian defects of Bru over-expressing females (Table 1 ). In contrast, over-expression of either the full-length osk mRNA or of the osk 3 0 UTR alone fully suppresses the defects caused by over-expression of Bru, and ovaries indistinguishable from wild type are formed. Western blot analysis of Bru in females co-over-expressing osk and Bru, which develop normal ovaries, reveals an approximately three-fold increase in Bru levels over wildtype (data not shown). Consistent with the conclusion that this suppression is mediated by the osk 3 0 UTR, overexpression of a chimeric osk mRNA in which the osk 3 0 UTR was replaced by the K10 3 0 UTR has no effect on the ovary defects caused by Bru over-expression (Table 1) . Taken together, these results suggest that ectopic binding of Bru to mRNAs, and their subsequent misregulation, is the basis of the defects observed in ovaries over-expressing Bru in the germline.
aret gene dosage modulates gurken activity
As a result of their oogenesis defects, females overexpressing Bru in the germline produce fewer eggs than the wild-type. Of the eggs laid, 15% show the typical posterior group phenotype (Fig. 2B) , consistent with the demonstrated repressive role of Bru on osk translation. Notably, about 5% of the eggs are clearly ventralized, as visualized by the absence or fusion of the dorsal appendages ( Fig. 2D and Table 2 ). Occasionally a posterior micropyle is formed in Bru over-expressing ovaries (data not shown). These phenotypes, in conjunction with the known role of Bru as a translational repressor and the fact that the grk 3 0 UTR contains a canonical BRE-like sequence (Kim-Ha et al., 1995; Norvell et al., 1999) , suggested that Bru might also negatively regulate grk translation. To test this hypothesis, we asked whether the ventralization phenotype of eggs produced by females over-expressing Bru would be enhanced if grk gene dosage were reduced. Indeed, the penetrance of ventralization defects increases dramatically in eggs produced by UAS-Bru/grk 2B6 ; nosGAL4VP16/þ females, to approximately 90% showing fusion or absence of dorsal appendages (Table 2 ).
In the case of some grk mutant alleles, such as grk 2E12 , heterozygous females produce eggs, 80% of which show mild D/V defects, as revealed by fusion of the dorsal appendages (Table 2) . To further assess whether Bru might be involved in grk regulation, we tested whether reduction of Bru levels in grk 2E12 / þ females might suppress ventralization of the eggs. Females doubly heterozygous for grk 2E12 and aret QB72 produce eggs, only 40% of which have fused dorsal appendages ( Table 2 ), indicating that grk expression is modulated by Bru.
Grk levels are positively affected by the RNA-helicase Vas, and Bru has been shown to interact physically with Vas (Webster et al., 1997; Styhler et al., 1998; Tomancak et al., 1998) . We therefore wondered whether the ventralization caused by Bru over-expression might be due to titration of Vas and tested whether increasing vas gene dosage would suppress the D/V defects observed. Introduction of a Vas-GFP rescue transgene into grk 2B6 /þ ; nosGAL4VP16/ UASp-Bru flies has no effect on either the penetrance or the strength of the ventralization phenotype (Table 2) . Hence it appears that grk activity is modulated by Bru in a Vasindependent manner.
The severe ovarian defects caused by over-expression of Bru preclude the direct comparison, by northern or western blot analysis, of mRNA and protein levels in these ovaries and wild-type. Therefore, to assess whether Bru modulates Grk protein levels, we evaluated grk expression, by performing grk mRNA in situ hybridization and Grk immunostaining on ovaries of females over-expressing Bru. grk mRNA localization and levels in nosGAL4VP16 . UASp-Bru ovaries appear indistinguishable from wild-type (Compare Fig. 3A, B) . We first compared the distribution and the level of Grk protein in single confocal sections of stage 10 nosGAL4VP16 . UASp -Bru and wild-type egg chambers. In both cases, a clear Grk signal was detected (data not shown). The settings of the laser were then adjusted to produce a reproducible but weaker Grk signal in the wild-type egg chambers (Fig. 3C, E) , and the same settings were used to observe the Grk signal in egg chambers in which Bru was over-expressed (Fig. 3D, F) . Under such conditions, Grk signal is strongly reduced or even absent in all stage 9 and 10 oocytes in which Bru is over-expressed ðn ¼ 27Þ: Hence, Bru affects Grk accumulation, either at the level of translation or of protein stability. 
2 0 a For each genotype, a minimum of 150 egg chambers was scored. * The percentage of egg chambers with 31 nurse cells þ 1 oocyte refers to the portion of egg chambers that does not arrest development during early oogenesis. 
Bruno interacts in vitro and in vivo with the grk 3 0 UTR
The RNA-binding protein Bru represses osk mRNA translation via direct binding to BREs in the osk 3 0 UTR ( Kim-Ha et al., 1995) . It has been reported that the grk 3 0 UTR contains a BRE, suggesting that Bru binds to grk mRNA (Kim-Ha et al., 1995; Norvell et al., 1999) . To test if, Bru interacts with grk mRNA in vivo, we first examined whether over-expression of the grk 3 0 UTR would suppress the ovary defects caused by over-expression of Bru, as is the case for the osk 3 0 UTR (see above). As shown in Table 1 , the ovarian defects caused by over-expression of Bru are significantly suppressed by over-expression of the grk 3 0 UTR. These results indicate that Bru interacts with grk mRNA in vivo.
It was previously shown that a 68 kDa protein binds to the grk 3 0 UTR in UV cross-linking experiments (Norvell et al., 1999) . To determine if this protein is Bru, we performed UV cross-linking of ovarian proteins to radioactive RNA probes, immunoprecipitated the RNA -protein complexes using anti-Bru antibody and visualized the RNAcross-linked proteins after SDS-PAGE by autoradiography. RNA-bound Bru was selectively immunoprecipitated when 
a For each genetic combination a minimum of 300 eggs was scored. RNA consisting of the 3 0 half of the grk 3 0 UTR was used as a probe (Fig. 4B, lane 5) . In contrast, no signal was detected when the probe consisted of the 5 0 half of grk 3 0 UTR (Fig.  4B, lane 4) . To see whether Bru binding to the grk 3 0 UTR is specific, we tested whether the 3 0 half of grk mRNA could compete away Bru binding from a part of the osk 3 0 UTR containing BREs. The binding of Bru to labeled osk BREcontaining RNA was efficiently competed by increasing amounts of cold 3 0 (Fig. 4C, lanes 4 -6) , but not 5 0 portions of the grk 3 0 UTR (Fig. 4C, lanes 1-3) . Hence, Bru binds to the 3 0 half of the grk 3 0 UTR specifically. This interaction is most likely responsible for the observed reduction in Grk signal in egg chambers in which Bru is over-expressed. Taken together, our results suggest that Bru acts negatively on grk translation by binding to the grk 3 0 UTR.
Discussion
Bru has mainly been studied with regard to its role in translational repression of the posterior determinant Osk (Kim-Ha et al., 1995; Webster et al., 1997; Lie and Macdonald, 1999b; Castagnetti et al., 2000) . However, the most obvious effect of aret mutations in females is premature arrest of oogenesis, a phenotype unrelated to translational misregulation of osk mRNA. Previous work by Parisi et al. (2001) has described the importance of the aret locus in early oogenesis. Specifically, in strong aret alleles, the cystoblast fails to develop into a 16-cell cyst. In contrast, weak aret alleles produce apparently normal egg chambers, which then undergo degeneration at stage 9 (Schüpbach and Wieschaus, 1991; Webster et al., 1997) . Hence, Bru affects a number of cellular processes that take place in the germline, including osk translational regulation. By analogy to osk regulation, the aret phenotype might therefore be caused by misregulation of target RNAs which, in the wild-type, are tightly regulated by Bru. Another not mutually exclusive possibility is that lack of functional Bru impairs other processes in which the protein is involved and that are unrelated to its RNA-binding activity. The fact that Bru over-expression causes phenotypes similar to Bru loss-offunction, and the fact that these defects can be modulated by simultaneous over-expression of BRE-containing RNA, supports the hypothesis that at least some of the aret early 2) UV cross-linking of the indicated probes to an ovarian protein extract. Lane 3 was left empty to avoid contamination from lane 2. After cross-linking, the RNA-protein complexes were subjected to immunoprecipitation using anti-Bru antiserum and protein A-coupled beads (lanes 4,5), or beads only (lanes 6,7). Precipitated RNA-protein complexes were loaded on a SDS-PAGE gel and revealed by autoradiography. (C) UV cross-linking RNA competition experiment showing that Bru binds the 3 0 portion of the grk 3 0 UTR specifically. Bru-binding and cross-linking to the osk BRE-A radioactive probe is efficiently competed by addition of increasing amounts of cold grk B RNA (lanes 4-6), but not by increasing amounts of cold grk A RNA (lanes 1 -3) .
oogenesis phenotypes are indeed the result of RNA misregulation.
We have shown that Bru over-production, like Bru loss-of-function, impairs ovarian development. Most remarkably, Bru-over-expressing egg chambers that develop beyond the earliest stages undergo an extra round of division with incomplete cytokinesis, suggesting a role of Bru in regulation of the cystocyte divisions. Another gene, encore (enc), has also been shown to be involved both in regulation of germline mitoses and in establishment of oocyte polarity, the latter due to its role in grk mRNA localization and translation (Hawkins et al., 1996 (Hawkins et al., , 1997 . enc encodes a 210 kDa protein with one conserved R3H domain, a single-stranded nucleic acidbinding domain (Van Buskirk et al., 2000) (Grishin, 1998) . Thus, Bruno is not the only RNA-binding protein to be involved in regulation of the cystoblast divisions and in establishment of polarity. Given the nature of the proteins, it is likely that both Enc and Bru mediate their oogenesis effects through RNA binding. In contrast to Enc, which is required for Grk accumulation, Bru appears to negatively regulate Grk levels, most likely at the level of translation.
Bru also provides a new example of genes whose activity affects establishment of both the A/P and the D/V axis. Bru has previously been shown to repress osk mRNA translation and our new results show that Bru negatively regulates grk as well. Another protein involved in regulation of both osk and grk is the DEAD-box RNA helicase Vasa, although in this case mutant alleles show a reduction in Osk and Grk levels, suggesting a positive role for Vas in osk and grk mRNA translation (Markussen et al., 1995; Rongo et al., 1995; Styhler et al., 1998; Tomancak et al., 1998) . oo18 RNA binding (orb), encoding the Drosophila cytoplasmic polyadenylation element binding protein (CPEB) is also required for both osk and grk mRNA localization and translation (Chang et al., 1999 (Chang et al., , 2001 Christerson and McKearin, 1994) . Thus, regulation of the mRNAs encoding the embryonic polarity determinants Osk and Grk appears to be intimately related, involving many of the same RNA regulatory proteins.
Experimental procedures
Fly stocks and transgenes
The following fly strains were used in this study: w1118 (wild-type), aret QB72 /CyO, grk 2B6 /CyO, grk 2E12 / CyO, w; þ /þ ; nosGAL4VP16, w; þ /þ ;Vas-GFP, nosGAL4VP16.
UASp -Bru was constructed by subcloning an EcoR1-SnaB1 fragment from a Bluescript plasmid containing the Bru cDNA (gift of Paul Macdonald) into the pUASp2 germline transformation vector (Rørth, 1998) .
UASp -apt was constructed by subcloning a HindIIIEcoR1 fragment from an apt cDNA plasmid (gift of Bill McGinnis) into pUASp2. UASp -osk was constructed by subcloning a BamH1-Nsi1 genomic osk containing fragment into pUASp2.
UASp -osk-K10 was previously described (Riechmann et al., 2002) .
UASp -osk 3 0 UTR was constructed by introducing a Sty1-Not1 genomic osk fragment consisting of the entire osk 3 0 UTR and about 1 kb of 3 0 flanking genomic sequences into the pUASp2 vector.
pUASp-grk 3 0 UTR was constructed by cloning the Alwn1 -Not1 fragment of the full grk cDNA clone into pUASp2.
The trangenes were introduced into the germline of w1118 flies by P element-mediated transformation.
DNA constructs and in vitro transcription
osk BRE-A radiolabeled transcripts were in vitrotranscribed from a plasmid containing an EcoR1 -Pst1 fragment of the osk 3 0 UTR in pBS SK(þ ) previously linearized with ApaL1, using T7 RNA polymerase.
The grk A fragment was in vitro-transcribed from a plasmid in which the entire grk 3 0 UTR was subcloned as a Alwn1 -Not1 fragment from a plasmid containing the entire grk cDNA, into the pBS SK(þ ) vector. The grk B fragment was in vitro-transcribed from a plasmid in which a HindIIINot1 fragment of grk 3 0 UTR was subcloned into the pBS SK(þ ) vector. The plasmids were linearized with HindIII and NotI, respectively, and transcribed using T7 RNA polymerase, using a T7 MegaScript kit from Ambion.
For in situ hybridization, grk probe was synthesized by transcription from a plasmid containing a full-length grk cDNA in the presence of digoxigenin-11-UTP ribonucleotides (Roche).
UV cross-linking, competition, and immunoprecipitation
UV cross-linking experiments were performed as described in Castagnetti et al. (2000) .
For RNA competition experiments, ovarian extract was incubated for 15 min on ice in the presence of increasing amounts of cold competitor RNA before adding the radiolabeled probe.
For immunoprecipitation experiments, antibody-protein -RNA complexes were left to precipitate overnight at 48C in immunoprecipitation buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 250 mM Sucrose, 0.025% NP-40, 0.25% TritonX, 2.5 mM MgCl 2 , protease inhibitors) in the presence of 1 ml of rat anti-Bru antibody raised against the third RRM domain of recombinant, bacterially produced Bru. Forty microliters of protein G beads (Roche), previously washed in immunoprecipitation buffer, were added to the reaction for 3 h at room temperature, washed four times with immunoprecipitation buffer without MgCl 2 , and SDS-containing sample buffer added.
RNA in situ hybridization and immunohistochemistry
For RNA in situ hybridization, ovaries from 2 to 3 dayold flies grown at 258C were hand-dissected in Grace's medium, fixed for 15 min in 4% formaldehyde in phosphate buffer (PBS), washed in PBT (phosphate buffer with 0.1% Tween 20), washed 5 min in 1:1 PBT:hybridization solution (50% formamide, 5 £ SSC, 0.1% Tween 20) mix, prehybridized in hybridization solution with 50 mg/ml ssDNA for 1.5 h at 558C. They were hybridized overnight in hybridization solution containing 1 mg/ml ssDNA and the digoxigenin-labeled probe, at 658C. The ovaries were then washed in hybridization solution for 30 min in 1:1 hybridization solution:PBT for another 30 min, in PBT for 2 h at 658C. The ovaries were washed 10 min in PBT at room temperature, and incubated with alkaline phosphataseconjugated anti-digoxigenin antibodies in PBT for 1.5 h. They were then washed for 2 h in PBT, 5 min in NBT buffer (100 mM NaCl, 50 mM MgCl 2 , 10 mM Tris pH 9.5, 0.1% Tween 20), and stained in NTB 500 ml NBT buffer plus 10 ml NBT/BCIP stock solution (Boehringer). The reaction was stopped by several washes of PBT and ovaries mounted in 70% glycerol in PBT.
For Grk immunostaining ovaries from 2 -3-day-old flies grown at 258C were hand-dissected in Grace's medium, fixed for 15 min in 1% NP40, 2% formaldehyde in heptane, washed 15 min in PBT (phosphate buffer with 0.1% Tween 20), blocked 1 h in 1% BSA in PBT. Samples were then incubated overnight at 48C in PBT containing 1/10 anti-Grk monoclonal antibody (gift of Trudi Schupbach). Samples were washed 1 h in PBT at room temperature. FITCconjugated anti-mouse secondary antibody and rhodaminelabeled phalloidin (Molecular Probes) were added to the samples at a dilution of, respectively, 1:500 and 1:300, and allowed to stain for 1 h in the dark. Samples were washed in PBT for 1 h, and mounted in 2% N-propylgallate, 80% glycerol in PBT.
For actin staining, ovaries from 2-3 day-old flies grown at 258C were hand-dissected in Grace's medium, fixed for 15 min in 4% formaldehyde in phosphate buffer (PBS), washed 20 min in PBT (0.1% Triton X-100). Samples were then incubated at room temperature in 1% Triton X-100, 0.5% BSA in PBS for 1 h, in 0.3% Triton X, 0.5% BSA in PBS for another hour. Rhodamine-labeled phalloidin (Molecular Probes) was added to the samples at a dilution of 1:300, allowed to stain for 2 h in the dark. The samples were stained with PBT containing 2 mg/ml DAPI for 5 min, washed 30 min with PBT, and mounted in 2% Npropylgallate, 80% glycerol in PBT.
Cuticle and eggshell preparation
For cuticle preparation, 2 -5-day-old flies were allowed to lay eggs at 258C on apple juice-agar plates over-night. Eggs were allowed to develop for 1 day at 258C. Unhatched embryos were collected, treated with bleach for 2 min, then washed. The embryos were vortexed for 30 s in a 1:1 methanol:heptane solution, then were removed from the methanol phase, and placed on a slide. After the methanol had evaporated, a 1:1 mixture of lactic acid:Hoyer's medium was placed on the embryos, which were incubated at 658C overnight.
For eggshell preparation, freshly laid eggs were collected, washed in PBS, mounted in a 1:1 solution of lactic acid:Hoyer's medium, and incubated at 658C overnight.
